Abstract. Ice formation in the atmosphere by homogeneous and heterogeneous nucleation is one of the least understood processes in cloud microphysics and climate. Here we describe our investigation of the marine environment as a potential source of atmospheric IN by experimentally observing homogeneous ice nucleation from aqueous NaCl droplets and comparing against heterogeneous ice nucleation from aqueous NaCl droplets containing intact and fragmented diatoms. Homogeneous and heterogeneous ice nucleation are studied as a function of temperature and water activity, a w . Additional analyses are presented on the dependence of diatom surface area and aqueous volume on heterogeneous freezing temperatures, ice nucleation rates, ω het , ice nucleation rate coefficients, J het , and differential and cumulative ice nuclei spectra, k(T ) and K(T ), respectively. Homogeneous freezing temperatures and corresponding nucleation rate coefficients are in agreement with the water activity based homogeneous ice nucleation theory within experimental and predictive uncertainties. Our results confirm, as predicted by classical nucleation theory, that a stochastic interpretation can be used to describe the homogeneous ice nucleation process. Heterogeneous ice nucleation initiated by intact and fragmented diatoms can be adequately represented by a modified water activity based ice nucleation theory. A horizontal shift in water activity, a w,het = 0.2303, of the ice melting curve can describe median heterogeneous freezing temperatures. Individual freezing temperatures showed no dependence on available diatom surface area and aqueous volume. Determined at median diatom freezing temperatures for a w from 0.8 to −4.1 ×10 4 cm −2 . The experimentally derived ice nucleation rates and nuclei spectra allow us to estimate ice particle production which we subsequently use for a comparison with observed ice crystal concentrations typically found in cirrus and polar marine mixed-phase clouds. Differences in application of time-dependent and time-independent analyses to predict ice particle production are discussed.
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P. A. Alpert et al.: Homogeneous and heterogeneous ice nucleation
While it is impossible to directly observe ice nucleation in situ (Hegg and Baker, 2009) , heterogeneous ice nucleation is regarded as a possible formation mechanism for cirrus DeMott et al., 1998; Seifert et al., 2003; Haag et al., 2003) and mixed-phase clouds (Rogers et al., 2001b; DeMott et al., 2003; Verlinde et al., 2007) .
Sea salt particles emitted from oceans constitute the most globally abundant aerosol type by mass. They are important for climate, principally due to their role in the atmosphere as a source for highly reactive halogen species in gas phase, liquid phase, and heterogeneous reactions (Vogt et al., 1996; De Haan et al., 1999; Finlayson-Pitts, 2003; Sander et al., 2003) . Sea salt aerosol particles can also act as CCN at low supersaturations with respect to liquid water compared with sulfate particles according to Köhler theory and thus, compete for water vapour in warm clouds despite their relatively low particle concentrations in air (Ghan et al., 1998; O'Dowd et al., 1999; Twohy and Anderson, 2008) . Freezing of aqueous sea salt aerosol particles has implications for heterogeneous halogen chemistry and mixed-phase and cirrus cloud formation processes particularly in colder, highlatitude climates. Sea salt residue in cirrus ice crystals were consistently observed from aircraft measurements over the Florida coastline at altitudes around 13 km and indicate the lofting of marine particles by convective systems (Cziczo et al., 2004) . Freezing temperatures of micrometer sized aqueous sea salt and NaCl aerosol particles occurs homogeneously below 235 K and follows the water activity based homogeneous ice nucleation theory (Koop et al., 2000b,a) . We extend these previous studies to also determine nucleation dependency on a w , ice nucleation rate coefficients, and the stochastic behavior of the nucleation process. These combined experimental data serve to validate the water activity based ice nucleation theory and aid in explaining in situ observations and model studies of cirrus clouds impacted by marine aerosol particles.
Only a few studies have hinted that marine biogenic particles, i.e. phytoplankton and bacteria, may have the potential to nucleate ice at warmer temperatures than observed for homogeneous freezing (Schnell, 1975; Schnell and Vali, 1976; Fall and Schnell, 1985) . Schnell (1975) , for example, found efficient IN in laboratory cultures of phytoplankton, however, could not determine if the IN was actually the phytoplankton, their excretory products, associated marine or terrestrial bacteria, or some other nucleating agent. Schnell and Vali (1976) showed that surface sea water contained IN associated with phytoplankton however, they also could not conclusively identify the IN. Fall and Schnell (1985) investigated biogenic ice nucleation using a culture of a marine dinoflagellate species Heterocapsa niei which contained a mix of terrestrial and marine bacterial species. A specific bacterium of terrestrial origin found in this mixed culture was isolated and determined to possess an ice active gene, however, they could not identify the actual ice nuclei in the culture (Fall and Schnell, 1985) . A study in which the ice nucleating ability of Arctic aerosol particles collected on filter samples was measured, suggested an ocean source of organic ice nuclei, however, no conclusive evidence was provided to specifically identify the organic ice nucleating agent (Rosinski et al., 1986) . Finally in a very recent study, several representative Arctic and Antarctic sea-ice bacterial isolates and a polar virus were shown to be very poor IN, nucleating ice at expected homogeneous freezing temperatures (Junge and Swanson, 2008) .
A study by Knopf et al. (2010) demonstrated the capability of Thalassiosira pseudonana, a marine planktonic diatom with a siliceous cell wall and an organic coating, to act as efficient IN in the immersion mode under typical tropospheric conditions. Here we provide new detailed analysis and discussion on the findings by Knopf et al. (2010) and present new data on homogeneous freezing of aqueous NaCl droplets void of diatoms. In this and the recent Knopf et al. (2010) publication, we focus on diatoms for two reasons. First, they are a diverse group of unicellular marine and freshwater phototrophic organisms which are cosmopolitan in distribution in surface waters and extremely abundant and productive (Stoermer and Smol, 1999) . Second, they have been described from atmospheric samples just above sea level and at high altitudes (Darwin, 1846; Brown et al., 1964; Kawai, 1981; Hakansson and Nihlen, 1990) . Bigg and Leck (2008) and references therein provide numerous examples of aerosolized diatoms originating from the sea surface microlayer (SML). As a result of aeolian transport, marine diatoms have been found on mountaintops in the Antarctic (Kellogg and Kellogg, 1996; McKay et al., 2008) and as contaminates in snow located in Canada reached by Asian and Arctic air masses (Welch et al., 1991) . Diatom fragments identified as amorphous silica at concentrations of 20-28 L −1 (air) were collected from ground based sampling at ∼65 m on Amsterdam Island, an isolated volcanic island in the Southern Indian Ocean (Gaudichet et al., 1989) . Furthermore, airborne diatom frustules and diatom fragments are ubiquitous in marine Antarctic regions (Chalmers et al., 1996) . Diatom fragments have even been shown to accompany African dust plumes in the atmosphere (Harper, 1999) , and aircraft measurements at altitudes of over one kilometer have recorded diatoms over continental land masses (Brown et al., 1964) .
The fact that diatoms are present in the atmosphere suggests that they may participate in cloud formation processes. While not specifically reporting on the IN efficiency of diatoms, Schnell (1975) and Schnell and Vali (1976) in fact found that regions of greatest atmospheric IN concentrations measured by Bigg (1973) were above major oceanic water mass convergence zones, i.e. the subtropical convergence zone and the Antarctic convergence zone. Characterized by upwelling of nutrient laden bottom waters, overturning, and mixing, these highly productive waters are dominated by diatoms (Alvain et al., 2008) .
Periods of high biological activity associated with phytoplankton blooms can produce organic-rich aerosol particles P. A. Alpert et al.: Homogeneous and heterogeneous ice nucleation 5541 as a result of bubble bursting and wave breaking processes (O'Dowd et al., 2004; Sciare et al., 2009; Sorooshian et al., 2009; Ovadnevaite et al., 2011) . Although most of these studies do not specifically identify aerosolized material, it is well known that a variety of primary biological components including diatoms and other phytoplankters, bacteria, viruses, transparent exopolymers, and colloidal gels are present in the SML and can be aerosolized (Blanchard and Syzdek, 1970; Blanchard, 1975; Aller et al., 2005; Kuznetsova et al., 2005; Bigg and Leck, 2008; Wurl and Holmes, 2008) . These biogenic particles may constitute a significant part of the atmospheric aerosol mass fraction in the submicron size range (O'Dowd et al., 2004) . A very recent study by Ovadnevaite et al. (2011) reports detection of high contributions of primary organic matter in marine aerosol of 3.8 µg m −3 , far greater than organic mass concentrations of on average 1.75 µg m −3 observed in polluted European air masses advected out over the N.E. Atlantic (Dall'Osto et al., 2010; Ovadnevaite et al., 2011) . The high organic mass detected by Ovadnevaite et al. (2011) was associated with elevated chlorophyll concentrations in oceanic surface waters, consistent with phytoplankton bloom conditions. A seasonal variability of IN concentrations over the oceans has been observed from filter measurements with the highest concentrations observed in mid-summer and lowest concentrations observed during winter months (Radke et al., 1976; Flyger and Heidam, 1978; Borys, 1983; Bigg, 1996) . The mixed-phase Arctic cloud experiment (M-PACE) reports a mean IN concentration of 0.8 L −1 (air) in fall using a continuous flow diffusion chamber (CFDC) (Verlinde et al., 2007; Prenni et al., 2009) . Springtime IN concentrations in the Arctic measured during the NASA FIRE Arctic Cloud Experiment (ACE) and Surface Heat Budget of the Arctic (SHEBA) program (Rogers et al., 2001a) were enhanced by a factor of 5 (∼4 L −1 (air)) over those measured during fall months (Prenni et al., 2009) . Using similar IN measurement techniques and air mass trajectory analysis, periods of elevated primary production in surface waters could be related to observed IN concentrations (Bigg, 1996; Rogers et al., 2001a; Prenni et al., 2009) .
Here we present a comparative analysis of homogeneous and heterogeneous freezing of aqueous NaCl droplets with and without intact and fragmented marine diatoms, for the remainder of the manuscript referred to as aqueous NaCl/diatom droplets and aqueous NaCl droplets, respectively. We investigated homogeneous freezing of aqueous NaCl droplets with respect to the water activity based homogeneous ice nucleation theory (Koop et al., 2000b) . We use optical microscopy to individually observe thousands of aqueous NaCl droplet freezing temperatures (Koop et al., 1998; Knopf and Lopez, 2009; Knopf and Rigg, 2011) . Optical microscopy also allows for direct measurements of individual droplet volume, and thus experimental determination of homogeneous ice nucleation rate coefficients of micrometer sized aqueous NaCl droplets. We examined heterogeneous freezing of diatoms via the immersion mode with respect to the modified water activity based ice nucleation theory (Zobrist et al., 2008; Koop and Zobrist, 2009 ). We also determined diatom surface area and aqueous volume dependence on heterogeneous freezing temperatures. Additionally, we quantify heterogeneous ice nucleation from intact and fragmented diatoms immersed in droplets in terms of time-dependent and time-independent approaches. A timedependent analysis is used to derive heterogeneous ice nucleation rates and a time-independent analysis to derive ice active surface site densities, both of which allow for estimations of atmospheric ice particle production. The atmospheric implications of our findings are discussed.
Experiment

Diatom characteristics and preparation
Preparation of T. pseudonana for ice nucleation experiments briefly described in Knopf et al. (2010) are more thoroughly described below. Diatoms were grown under axenic conditions in unialgal, clonal cultures in 0.2 µm filtered, autoclaved seawater with F/2 nutrient supplement (Guillard, 1962 ) commonly used to grow diatoms (Fisher and Wente, 1993) at temperatures from 16 • C to 18 • C and a 14 h light/10 h dark cycle. Cells were harvested after one week when concentrations reached ∼10 6 cells mL −1 . Microscopic inspection allowed determination of cell concentrations and to affirm that the diatom cultures remained axenic at every step in the preparation, conditioning, and ice nucleation experiments. Small samples of cultures (∼0.1 mL) were stained with acridine orange, a nucleic acid fluorescent dye, and counted utilizing epifluorescence microscopy (Hobbie et al., 1977; Watson et al., 1977) . Prior to application in our experiments, T. pseudonana were washed with a 3.5 wt % aqueous NaCl solution made up using millipore water (resistivity >18.2 M cm). Diatom cells were added to a second aqueous NaCl solution for droplet generation concentrated to ∼3×10 7 cells mL −1 . These final solutions were either used immediately to generate droplets as described below or stored for subsequent use at 5 • C for no longer than 24 h. The potential for silica dissolution to impact the surface properties of diatoms was negligible during this storage period given the large mass of diatoms in suspension, which was more than two orders of magnitude greater than the soluble mass of SiO 2 .
Aerosol particle generation
Homogeneous and heterogeneous ice nucleation were observed on 5000 individually generated aqueous aerosol particles in more than 50 separate experiments employing a novel experimental ice nucleation setup (Knopf and Lopez, 2009 ). Heterogeneous and homogeneous ice nucleation were determined from aqueous NaCl droplets with and without diatoms and/or diatom fragments immersed inside. Monodispersed aqueous aerosol particles were generated using a piezoelectric driven single drop dispenser. Average droplet diameters ranged from 40-70 µm. 30-50 droplets per sample were deposited in a gridded pattern on a hydrophobically coated glass slide which served as the base plate of the aerosol cell as described below (Koop et al., 1998; Knopf et al., 2002 Knopf et al., , 2003 Knopf, 2006; Knopf and Lopez, 2009; Knopf and Rigg, 2011) . Aerosol generation was conducted in a laminar flow clean bench to avoid contamination by ambient particles (Knopf and Lopez, 2009 ).
Diatom surface area
Direct measurements of diatom surface areas were made for each aqueous NaCl/diatom droplet. Once a freezing experiment was completed, the number of intact diatoms and fragments of diatoms immersed in an aqueous NaCl/diatom droplet were determined using an optical microscope at 500× magnification with transmitted light and polarizing filters. The average geometric diatom surface area was estimated using SEM images to be ∼1.2×10 −6 cm 2 corresponding to a size of roughly 5 µm in diameter. Cell fragments were estimated to be an order of magnitude smaller in surface area than whole diatom cells although this may represent a lower limit of the actual surface area. The total surface area contributed by diatoms inside each aqueous NaCl/diatom droplet was then calculated by summing the number of immersed diatom cells and fragments and corresponding SEM derived surface areas. The vast majority of droplets contained whole cells and cell fragments, with only 1 % of the droplets examined containing only fragments. The log-normal distribution of diatom cells immersed in aqueous NaCl/diatom droplets (not shown) had a mode of 3 cells per droplet. 90 % of all investigated aqueous NaCl/diatom droplets contained fewer than 25 diatom cells per droplet and only 5 % of the droplets contained more than 37 whole cells.
Aerosol particle conditioning
Promptly after particle generation, aqueous NaCl or aqueous NaCl/diatom droplets were placed inside an aerosol conditioning cell (ACC) (Knopf and Lopez, 2009; Knopf and Rigg, 2011) . The temperature of the droplets, T d , was controlled using a home made cryo-cooling stage coupled to an optical microscope (Knopf and Lopez, 2009 ). The ACC was purged with a controlled humidified N 2 gas flow with a constant dew point, T dew . The water partial pressure was derived from the measured T dew (Knopf and Lopez, 2009 ) with an accuracy of ±0.15 K. The relative humidity (RH) experienced by the droplets in the ACC was controlled by adjusting T d at constant T dew . T d was in the range of 291-296 K depending on the desired RH. Calibration of the ACC was performed according to Knopf and Lopez (2009) by measuring the melting temperature of ice particles and deliquescence relative humidity of NaCl, (NH 4 ) 2 SO 4 , LiCl and K 2 SO 4 particles, resulting in an uncertainty of less than ±0.1 K.
The conditioning procedure was as follows. Inside the ACC, droplets were exposed to a specific RH and allowed to reach equilibrium with the water vapour (Knopf and Lopez, 2009) . For an aqueous solution in equilibrium with water vapour, RH is equal to water activity, a w (Koop et al., 2000b) . The error in a w was ±0.01 due to the uncertainty in T dew and T d . Subsequently, the droplets inside the aerosol cell were sealed against ambient air with a cover slide and a greased aluminum foil spacer (Koop et al., 1998; Knopf and Lopez, 2009) . The dimensions of the aerosol cell were designed in such a way that the number of water molecules in the gasphase were negligible compared to the condensed-phase water so that upon cooling of the droplets, no changes in droplet composition from water condensation resulted (Koop et al., 1998; Knopf and Lopez, 2009 ).
Ice nucleation experiments
The aerosol cell was transferred from the ACC to a second cryo-cooling stage attached to an optical microscope to observe freezing and melting of droplets as described by Knopf and Lopez (2009) . Temperature calibration of this cryo-stage was performed by measuring the melting temperatures of heptane (182.60 K), octane (216.33 K), decane (243.55 K), dodecane (263.58 K), and ice (273.15 K) (Knopf et al., 2002 (Knopf et al., , 2003 Knopf and Lopez, 2009 ). The temperature sensor for the stage indicated a linear temperature change for the range of 170-280 K to within less than 0.1 K. The droplets were cooled at a rate of 10 Kmin −1 until all of the droplets in the aerosol cell froze. The cooling rate was rapid enough to avoid effects from mass transport of water vapour from liquid to ice particles, but not so fast as to significantly lower freezing temperatures (Koop et al., 1998; Bertram et al., 2000; Knopf and Lopez, 2009 ). The heating rate to observe melting of ice was 0.5 K min −1 . For each aerosol sample, freezing and melting was observed for a maximum of 3 repetitions. A digital camera with imaging software recorded freezing and melting temperatures in addition to measurements of droplet diameter and the number of cells per droplet on a hard drive for subsequent analysis. Droplet diameters were corrected for non-sphericity.
Results and discussion
Homogeneous freezing of aqueous NaCl droplets
Figure 1 summarizes melting and homogeneous freezing of about 2500 aqueous NaCl droplets as a function of temperature, T , and wt % and a w determined at particle preparation conditions. The corresponding raw data is shown in Fig. 2 and will be discussed below. Direct measurements of a w for aqueous NaCl droplets in the supercooled temperature regime do not exist (Koop, 2004) , and thermodynamic Table 1 . Summary of ice nucleation parameters evaluated at median freezing temperatures for homogeneous and heterogeneous ice nucleation given in the top and bottom panel, respectively. Median heterogeneous freezing and mean melting temperatures of intact and fragmented diatoms were taken from . All other values were obtained from this study. models for aqueous NaCl only provide a w for a range of concentrations at 298.15 K (Clegg et al., 1998 ), thus we assume that aqueous droplet a w determined at the preparation conditions does not change with decreasing T (Koop et al., 2000a,b) . The ice melting curve, a ice w (T ), is the activity of water in solution in equilibrium with ice (Koop et al., 2000b; Koop and Zobrist, 2009 ). Within our experimental uncertainty, Fig. 1 indicates good agreement of our experimentally determined mean melting temperatures, T NaCl m , with a ice w (T ) (Koop et al., 2000b; Murphy and Koop, 2005; Koop and Zobrist, 2009 ). Within experimental and theoretical uncertainties, our experimentally derived median homogenous freezing temperatures, T NaCl f , are in good agreement with predicted freezing temperatures. The predicted homogeneous freezing curve was adjusted for the droplet diameters employed in our experiments (Koop et al., 2000b; Koop and Zobrist, 2009) . T NaCl f for a w of 0.806 shows slightly warmer temperatures than predictions. This may be explained by the formation of NaCl·2H 2 O (Koop et al., 2000a) which may have affected the freezing process. The melting of all crystalline particles prepared at a w = 0.806 was visually different to the melting of crystalline particles prepared at higher a w . The observed melting temperature at a w = 0.806 may indicate the melting of the eutectic mixture at the temperature of 252 K (Koop et al., 2000a) . Another explanation for the slight deviations of T NaCl f from the homogeneous freezing curve at low a w may be that a w does change in the supercooled region, particularly for highly concentrated NaCl solutions. Freezing and melting temperatures shown in Fig. 1 for the investigated a w are given in Table 1 , in addition to corresponding ice saturation ratios evaluated at median freezing temperatures, S ice (T NaCl f ), and predicted freezing temperatures, T Koop f (a w ). The data displayed in Fig. 1 indicates that the variations in the melting temperatures are smaller than for the corresponding freezing temperatures. This is primarily due to the stochastic nature of the ice nucleation process, although, the presence of different droplet sizes and possible events of heterogeneous ice nucleation could contribute to the difference (Koop et al., 1998; Knopf and Lopez, 2009; Knopf and Rigg, 2011) .
Figure 2 summarizes all observed ice nucleation events from aqueous NaCl droplets, where each panel corresponds to a different a w value at particle preparation conditions. The frozen fraction of droplets, f , was calculated from observations by f = N ice /N tot , where N ice is the number of frozen particles as a function of T , and N tot is the total number of analyzed droplets. These data points manifest a cumulative distribution as a function of T . The uncertainty of f indicates the range within a temperature increment of 0.2 K. The probability density histogram (PDH) binned in 1.0 K increments was normalized to N tot with the increment size chosen to better visualize the distribution of freezing frequencies.
We applied a normal distribution to describe the stochastic nature of homogeneous ice nucleation and thus f (Koop et al., 1997; Pruppacher and Klett, 1997) . As discussed previously in detail, the probability of observing n nucleation events from the binomial distribution is approximated by the Poisson distribution using Stirling's formula under typical conditions for homogeneous nucleation of aqueous aerosol particles (Koop et al., 1997) . If a large number of nucleation events are observed, n>100, then the binomial distribution reduces to a normal distribution (Ross, 1996; Koop et al., 1997) . The narrow dashed line represents the ice melting curve (Koop and Zobrist, 2009 ). The wide dashed line and the dash-dotted lines indicate the eutectic temperature and the solid-liquid equilibrium curve of NaCl·2H 2 O, respectively (Linke, 1965; Clarke and Glew, 1985) . The solid line represents the predicted homogeneous freezing curve (Koop and Zobrist, 2009 ). The two dotted lines represent an uncertainty of the homogeneous freezing curve due to an uncertainty in a w of ±0.025 (Koop, 2004) . It is assumed that a w of the aqueous droplets does not change with temperature (Koop et al., 2000b,a) .
The red solid curve in Fig. 2 is a fit of f to a normal cumulative distribution function (CDF) according to
where µ and σ are the mean and standard deviation fitting parameters that describe the distribution. Figure 2 indicates that our observed freezing events are in very good agreement with Eq. (1). Deviations of observed ice nucleation distributions from f fit were mostly found at higher temperatures due to possible heterogeneous freezing events. However, the number of heterogeneous ice nucleation events were too few compared with N tot to provide any significant weighting to the fit. Deviations of observed ice nucleation distributions from the fits for lower temperatures occur for aqueous NaCl droplets with lowest a w of 0.806-0.851. This is likely due to our experimental uncertainty a w . In an analysis (not shown here) in which only the data within the 10th and 90th percentiles were employed to obtain f fit , corresponding values for µ and σ were found not to be affected significantly. Again this was due to the larger number of homogeneous ice nucleation events that occurred compared to the few heterogeneous ice nucleation events. Here, we derive homogeneous ice nucleation rate coefficients, J hom , for aqueous NaCl droplets with varying initial a w . The analytical approach and corresponding interpretation of J hom has been explained in detail previously (Koop et al., 1997; Zobrist et al., 2007) . In a chosen temperature interval, T , different numbers of freezing events will occur. We derived J hom (T i ) as the average homogeneous ice nucleation rate coefficient at the mean temperature, T i , of the i-th temperature interval. This derivation employed all experimental data, including the data points outside of the 10th and 90th percentiles, using the following formula,
where n i nuc is the number of nucleation events that occur within the i-th temperature interval, t i tot is the total observation time in the i-th temperature interval, and V i accounts for the individual droplet volumes available at the start of the temperature interval, T i st , those of which remain liquid throughout the i-th interval and those which freeze within this interval. The product t i tot · V i is given by the sum of the contribution from the droplets that remain liquid and those that freeze according to
where r is the experimental cooling rate, V i liq is the total volume that remains liquid until the end of the temperature interval, and T i nuc,j and V i liq,j are the freezing temperature and corresponding volume, respectively, of the j -th droplet nucleating ice within the i-th interval. Derivations of J hom (T i ) employ T = 0.2 K corresponding to our total experimental error in determining the temperature. As discussed above, experimental heterogeneous ice nucleation events cannot be avoided when studying homogeneous nucleation (Knopf and Lopez, 2009) , however, this effect is not critical for deriving J hom as a function of T due to the goodness of the fit in Fig. 2 and the insignificant number of heterogeneous compared to homogeneous freezing events as previously discussed. Figure 3 shows experimentally derived J hom as a function of T and initial a w . J hom values for given a w which extend to higher temperatures and do not show a strong increase with decreasing temperature, are most likely affected by heterogeneous freezing events. For example, the freezing data for aqueous NaCl droplets with a w = 0.900 in Fig. 3 does not show a strong increase in J hom for temperatures between 220-226 K, and remain almost constant at values below 10 5 cm −3 s −1 . However, J hom values increase significantly from 220 K to 214 K as the homogeneous freezing limit is approached. Also shown in Fig. 3 are theoretical predictions of J hom applying the water-activity based homogeneous ice nucleation theory, J Koop hom under predicts our observations. This may be due to the occurrence of heterogeneous ice nucleation events and/or the unknown behavior of supercooled aqueous NaCl solutions, especially at this low a w value. It should be noted that the uncertainty of the a w based homogeneous ice nucleation theory for a w = 0.800, is given as ±0.05 in a w which translates to ±12 orders of magnitude uncertainty in predictions of J hom (Koop, 2004) . J hom evaluated at T NaCl f given in Table 1 remains the same to within one order of magnitude. This translates into a corresponding constant shift in water activity, a w , as suggested by the water-activity based homogeneous ice nucleation theory (Koop et al., 2000b) . Deviations between the observed and predicted J hom values for aqueous NaCl droplets may be attributed to the unknown behavior of a w in the supercooled temperature regime (Knopf and Rigg, 2011) . The J hom presented here can be employed to further constrain the water-activity based homogeneous ice nucleation theory (Koop et al., 2000b; Knopf and Lopez, 2009; Knopf and Rigg, 2011) .
Heterogeneous freezing of aqueous NaCl droplets containing diatoms
Median heterogeneous freezing temperatures of aqueous NaCl droplets containing diatoms T. pseudonana, T dia f , and corresponding mean melting temperatures, T dia m , are shown in Fig. 4 as a function of a w and droplet composition (Knopf et al., 2010) . The droplet composition was calculated using the E-AIM model (Clegg et al., 1998) and assuming that a w remains constant with temperature. Within the experimental uncertainty T dia m are in good agreement with a ice w (T ) (Koop et al., 2000b; Koop and Zobrist, 2009 ). The homogeneous freezing curve (Koop et al., 2000b; Koop and Zobrist, 2009 ) is plotted for comparison. Clearly, freezing occurs at much higher temperatures for aqueous NaCl/diatom droplets (Knopf et al., 2010) compared to predicted homogeneous ice nucleation temperatures. At high a w , corresponding to more dilute solutions, ice nucleation temperatures are enhanced by ∼10 K compared to the homogeneous freezing temperatures. At low a w , ice nucleation proceeds at temperatures ∼30 K above predicted homogeneous freezing temperatures. T dia m and T dia f shown in Fig. 4 for the investigated a w are given in Table 1 , in addition to S ice (T dia f ). The experiments above were repeated using the same aqueous diatom solution, but filtered using a 0.1 µm filter to remove diatoms and possible fragments. This procedure resulted only in homogeneous ice nucleation indicating that the diatoms cause heterogeneous ice nucleation in the immersion mode at elevated temperatures and not dissolved organic material associated with the diatom.
Previous work suggests that heterogeneous immersion mode nucleation can be described by a horizontal shift of the ice melting curve, a w,het , similar to the derivation of homogeneous ice nucleation temperatures (Koop et al., 2000b; Koop and Zobrist, 2009) . Following this approach, we derive a heterogeneous freezing curve given by a f,het
The new freezing curve, a f,het w (T ), was constructed by fitting T dia f to Eq. (4) leaving a w,het as the only free parameter. The best fit yields a w,het = 0.2303 to describe T dia f . The data presented in Fig. 4 indicates that T dia f is in good agreement with the modified water-activity based ice nucleation theory for predictions of heterogeneous immersion freezing if similar uncertainties as made for predictions of homogeneous freezing are assumed (Koop, 2004) . For a w <0.85, T dia f show a slight trend to higher freezing temperatures compared to the predictions. Nevertheless, the overall good agreement of T dia f with a f,het w (T ) described by a w,het indicates that heterogeneous ice nucleation induced by intact and fragmented diatoms can be adequately described by thermodynamic quantities (Zobrist et al., 2008; Koop and Zobrist, 2009 ). Fig. 4 as a function of aqueous NaCl/diatom droplet volume and a w . A linear fit to the data in Fig. 5 indicates for the most part no or very weak correlations between observed freezing temperatures and droplet volume as determined from given R 2 coefficients (R 2 <0.2) except for a w = 0.984 and 0.902. Over the experimentally accessed range of volumes and a w the freezing temperatures do not depend significantly on the volume of the droplet. Figure 6 shows the heterogeneous freezing temperatures of aqueous NaCl/diatom droplets as a function of estimated diatom surface area for all investigated a w . Similar to Fig. 5 , linear fits to the data and corresponding R 2 coefficients were determined. The R 2 coefficients indicate that there is no correlation between diatom surface area and freezing temperature except very weak correlation for droplets with initial a w of 0.926. In summary, the surface area dependence was less than the scatter in the data which was approximately 4-6 K. Figure 7 summarizes approximately 2500 observed heterogeneous ice nucleation events as a function of T and a w . The cumulative distribution and f in addition to the PDH for heterogeneous freezing, were determined as described above for homogeneous ice nucleation of aqueous NaCl droplets. The PDH and cumulative distributions for heterogeneous ice nucleation due to diatoms immersed in aqueous NaCl droplets show striking similarities to the ones derived from homogeneous nucleation of aqueous NaCl droplets without diatoms shown in Fig. 2 .
To quantify the heterogeneous freezing behavior of diatoms via the immersion mode, we consider two analytical approaches, a time-dependent (Bigg, 1953 ) and a timeindependent (Dorsey, 1948) . The time-dependent approach follows classical nucleation theory which maintains that heterogeneous ice nucleation, like homogeneous ice nucleation, is dominated by molecular kinetics. Water molecules in an aqueous phase randomly cluster and break apart on the surface of an IN, and each cluster that forms has a probability of growing large enough in time to become the center of a critical ice embryo and subsequently trigger bulk phase ice nucleation (see e.g. Pruppacher and Klett, 1997) . The timeindependent approach maintains that the dominant influence of heterogeneous nucleation is the presence of surface inhomogeneities which act as preferred sites, or "active sites", of critical ice embryo formation and thus, ice nucleation (Vali, 1971 (Vali, , 1994 Pruppacher and Klett, 1997 ). These active sites are then destined to become IN at site-specific characteristic temperatures. Thus, ice nucleation is triggered by the appearance of active sites as a function of temperature on the surface of particles immersed in aqueous droplets (Vali, 1971) .
Time-dependent analysis
Here, we quantify heterogeneous ice nucleation due to intact and fragmented diatoms employing a time-dependent approach. As indicated in Fig. 6 , heterogeneous freezing temperature dependence on diatom surface area was less than the scatter in the data. We therefore derive heterogeneous ice nucleation rates independent of diatom surface area as a function of T and a w . However, in the case where ice nucleation is found to depend on diatom surface area outside the range probed in our experiments and/or diatom surface areas are available from field samples, we additionally provide surface dependent heterogeneous ice nucleation rate coefficients as a function of T and a w .
We follow a previously described analysis (Koop et al., 1997; Zobrist et al., 2007) to calculate the time-dependent heterogeneous ice nucleation rate given as
and t i tot is given by
where n i tot is the total number of liquid droplets at the start of the i-th temperature interval. The remaining variables are the same as in Eq. (3).
Measurements of diatom surface area and observations of heterogeneous freezing events allowed us to derive heterogeneous ice nucleation rate coefficients, J het . Following a previously described analysis (Koop et al., 1997; 2007), J het (T i ) is the average heterogeneous ice nucleation rate coefficient for a given temperature interval which can be described as
The product t i tot · A i is derived according to
A i liq is the total diatom surface area in the droplets that remains liquid until the end of the temperature interval and A i liq,j is the diatom surface area of the j -th droplet that nucleates ice within the i-th temperature interval. Other variables are the same as in Eqs. (3) and (6). For calculation of ω het (T ) and J het (T ), T = 0.2 K reflects the experimental temperature uncertainty. Figure 8a , b presents ω het and J het , respectively, for the individually analyzed ice nucleation events presented in Fig. 7 as a function of T and a w . Figure 8 demonstrates that ω het and J het increase exponentially with decreasing T . In some instances, values of ω het and J het for different a w overlap each other. This behavior may be due to a temperature dependence of or uncertainty in a w . According to classical nucleation theory, ω het and J het reflects an exponential dependence on temperature (Pruppacher and Klett, 1997) suggesting that heterogeneous ice nucleation due to intact and fragmented diatoms follows a time-dependent freezing process, in line with classical nucleation theory.
Time-independent analysis
A time-independent approach (Vali, 1971) can also be used to quantify heterogeneous ice nucleation due to intact and fragmented diatoms. This mechanistic explanation commonly referred to as the singular approach, maintains that the freezing process is dominated by an active site on the surface of a particle which triggers ice nucleation at a specific characteristic temperature.
Following a previously described analysis by Vali (1971) , we derive differential and cumulative nuclei spectra to quantify a time-independent approach for explaining heterogeneous ice nucleation due to diatoms. The differential nuclei spectra for the i-th temperature interval, k(T i ), is defined as Fig. 8 . Experimentally derived (a) heterogeneous ice nucleation rates, ω het , (b) heterogeneous ice nucleation rate coefficients, J het , and (c) differential and cumulative nuclei spectra, k(T ) and K(T ), respectively, for aqueous NaCl/diatom droplets shown as a function of T and a w . In (c), the k(T ) and K(T ) are given as open circles and dotted lines, respectively. Black, purple, blue, green, red, teal, magenta, gray, and lime colors correspond to aqueous NaCl droplets containing diatoms with initial a w of 0. 984, 0.969, 0.951, 0.926, 0.902, 0.873, 0.850, 0.826, 0.800. the ice active surface site density for a unit surface area of a sample
where A i tot is the total diatom surface area in the droplets that remains liquid at the start of the i-th temperature interval (Vali, 1971) . A cumulative nucleus spectrum as a function of temperature, K(T i ), can be evaluated from experimental data by numerically integrating Eq. (9) from T dia m to T i yielding
where K(T i ) includes the sites which had become ice active for temperatures warmer than T i . Derivations of k(T ) and
Figure 8c presents k(T ) and K(T ) for the individually analyzed ice nucleation events presented in Fig. 7 as a function of T and a w . Figure 8c demonstrates that k(T ) for most data increases exponentially with decreasing T . As previously described, k(T ) is the differential spectrum for K(T ) and thus it follows from Eqs. (9) and (10) that k(T ) = dK(T )/dT . Since k(T ) shows an exponential behavior, K(T ) also increases exponentially with deceasing temperature for ice nucleation events at specific a w . In some instances, values of k(T ) and K(T ) for different a w overlap each other. Similar to the time-dependent approach, this behavior may be due to a temperature dependence of or uncertainty in a w . Figure 4 indicates that the water activity criterion can also be used to predict median freezing temperatures of heterogeneous ice nucleation (Koop and Zobrist, 2009 ). Table 1 gives ω het , J het , and K(T ) evaluated at the median freezing temperatures shown in Fig. 4 . On average and over the range of investigated a w values, ω het (T dia f ) = 0.11
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−0.61 ×10 4 cm −2 s −1 , and
+3.5 −4.1 ×10 4 cm −2 for aqueous NaCl/diatom droplets, where the plus and minus errors indicate the range in values. The narrow range of ω het , J het , and K(T ) along the freezing line indicates that the shifted a ice w curve shown in Fig. 4 is representative of these freezing rates and nuclei spectra. This further supports the contention that immersion mode freezing can be parameterized by a w,het . Here, we report that a shift of a w,het = 0.2303 describes heterogeneous ice nucleation temperatures for immersion freezing where ω het (T dia f ) = 0.11 s −1 , J het (T dia f ) = 1.0×10 4 cm −2 s −1 , and K(T dia f ) = 6.2×10 4 cm −2 . Further studies are necessary to investigate whether ω het , J het , and K(T ) can be similarly parameterized as a function of a w as for the case of homogeneous ice nucleation (Koop et al., 2000b) .
Atmospheric implications
Homogeneous ice nucleation
The results of the homogeneous freezing experiments reported here allow for a better constraint of predicted J hom from aqueous NaCl droplets and can be used to narrow the uncertainty in the theoretical predictions of the water activity based homogeneous ice nucleation theory (Koop et al., 2000b; Koop, 2004; Koop and Zobrist, 2009; Knopf and Rigg, 2011) . This is significant because an uncertainty of 0.025 in a w can lead to changes in J hom of up to 6 orders of magnitude or 8 K in temperature (Koop, 2004; Knopf and Lopez, 2009; Knopf and Rigg, 2011) . In addition, the derivation of J hom allows for estimation of ice particle production rates from derived homogeneous nucleation according to P ice hom = J hom ·V particle , where V particle is the amount of total liquid volume of aerosol per cm 3 of air. We assume sea salt concentrations, estimated here from field observations of aerosol particle concentrations in the free troposphere as 10 cm −3 (Cziczo et al., 2004; Ikegami et al., , 2004 Brock et al., 2011; Hara et al., 2006) , with mean dry diameter of 200 nm and a wet diameter of 480 nm at 90 % RH (Zhang et al., 2005; Lewis and Schwartz, 2006) , and applying J hom = 10 6 cm −3 s −1 at a temperature of 215 K (Fig. 3) , P ice hom could reach 0.035 ice particles L −1 (air) min −1 . Ice crystal concentrations in cirrus clouds usually fall between 10 and 100 L −1 (air) (Dowling and Radke, 1990; Heymsfield and McFarquhar, 2002; Haag et al., 2003; Strom et al., 2003) . Thus, after 30 min at these atmospheric conditions, approximately 1 ice crystal per liter of air could form.
Heterogeneous ice nucleation
As far as we are aware, neither spatial and temporal concentrations nor corresponding determination of surface areas of aerosolized diatoms are available. In fact, we are only aware of two studies which have reported airborne diatom concentrations. A study by Tormo et al. (2001) observed airborne diatoms in excess of 0.07 L −1 (air) in summer outside the city of Badajoz, SW Spain, about 100 m away from the Gevora River. We would expect that airborne concentrations of diatoms would be greater over marine waters where wave action can result in greater generation of sea spray and bubble bursting aerosols when compared with rivers. In fact, a study in which filter samples were collected from a 9 m high tower on a 55 m high cliff off the coast on Amsterdam Island (a tiny remote volcanic island in the Southern Indian Ocean some 3000 km from any continent) found concentrations of marine biogenic particles characterized as amorphous silica diatom fragments, ranging from ∼20-28 L −1 of air (Gaudichet et al., 1989) . While not specifically reporting size distributions, ambient insoluble particles from their air samples had mean diameters of (0.8 ±0.7) µm (Gaudichet et al., 1989) . Brown et al. (1964) found a diversity of viable airborne algal species in concentrations as high as 4 L −1 (air), suggesting that this number would be greater if nonviable algae were additionally counted. Concentrations of marine bacteria in air originating from ocean waters is estimated to be on the order of 10 L −1 (air) (Burrows et al., 2009b) , which can provide an upper limit on airborne diatom concentrations assuming similar processes that lead to aerosolization of diatoms. If, however, diatom fragments are aerosolized or whole diatoms are fragmented in the atmosphere, i.e. during dust transport (Harper, 1999) , then concentrations can actually exceed those of bacteria, given that one whole diatom would be broken into smaller and more numerous fragments. IN concentration at −15 • C taken in air over the Arctic Ocean show a positive correlation with particle sizes between 50 nm and 120 nm (Bigg, 2001) , smaller than sizes of viable airborne bacteria that are typically ∼4 µm (Shaffer and Lighthart, 1997; Burrows et al., 2009a) . Diatom fragments would be expected to fall within this size range which could explain the correlation with IN concentrations measured by Bigg (2001) . Lastly, a very recent study found a unique organic marine aerosol mass concentration of up to 3.8 µg m −3 in an aerosol plume passing over highly productive surface waters in the North Atlantic off Mace Head (Ovadnevaite et al., 2011) .
From the above discussion, we estimate a conservative lower limit of airborne diatom fragment concentrations of 0.1 L −1 (air). In cases of high biological production and strong wave activity, this number may be 2 orders of magnitude higher. The major contribution of primary organic matter to sea spray aerosol have been found to be in the submicrometer size range (O'Dowd et al., 2004; Ovadnevaite et al., 2011) and thus, we assume a maximum size of a diatom fragment to be 1 µm. This provides an upper estimate for the corresponding surface dependent ice particle production. We expect that these estimates will vary with additional field collected data.
In the case that ice nucleation induced by intact or fragmented diatoms is assumed to be independent of surface area, we can derive ice particle production rates as a function of T and RH, P ice het (T ,RH), as
where N particle is the total diatom concentration per unit volume of air and ω het is determined from Fig. 8a for given T and RH. If available diatom surface area is accounted for in the description of heterogeneous ice nucleation then,
and
J het (T ,RH) and K(T ,RH) are determined from Fig. 8b , c. S particle is the total diatom surface area per unit volume of air. Following the arguments presented above, we assume that the diatom fragments are a square plate with side length of 1 µm resulting in a surface area of 2 µm 2 per diatom particle and therefore, 2×10 −9 cm 2 L −1 of air given diatom concentrations of 0.1 L −1 (air). Equations (11) and (12) describe time-dependent ice particle production whereas Eq. (13) yields ice particle production as a function of temperature reflecting the fundamental differences in the description of the ice nucleation process. We now estimate ice particle production for the two following scenarios: (i) Ice formation at conditions typical for Arctic mixed-phase clouds. (ii) Ice formation at typical cirrus cloud temperatures of about 220 K.
Assuming diatom concentrations of 0.1 L −1 (air) and RH = 95 %, we derive for T = 240 K and corresponding ω het = 0.11 s −1 , P ice het = 0.7 ice particles L −1 (air) min −1 . This indicates that all available diatoms would nucleate ice within seconds. Assuming the ice nucleation process to be surface dependent and applying J het = 1.0×10 4 cm −2 s −1 and K = 6.2×10 4 cm −2 , the corresponding P ice het is equal to 0.001 L −1 (air) min −1 and 0.0001 L −1 (air), respectively. From this example, it follows that the time-dependent analysis will always yield higher ice particle numbers with time at fixed temperatures (or small updraft velocities) compared to analysis using the time-independent approach. Typical ice crystal concentrations observed in Arctic mixed-phase clouds are ∼0.1-10 L −1 (air) Fridlind et al., 2007; Verlinde et al., 2007) . Thus, if a minor fraction of background sea salt particles contains diatoms or fragments of diatoms, then a significant amount of ice crystal production could be attributable to diatoms if ice nucleation follows a time-dependent mechanism. IN concentrations in polar regions can be greater in summer than those in winter and fall months (Bigg, 1996; Rogers et al., 2001b; McFarquhar et al., 2007; Prenni et al., 2009) , and can coincide with phytoplankton blooms in the surface waters below (Bigg, 1973; Schnell, 1975; Schnell and Vali, 1976) . This seasonality may be attributable to aerosolized diatoms acting as IN.
At T = 220 K and RH = 85 % Strom et al., 2003) applying the same diatom concentration for cirrus cloud formation assuming ice nucleation does not depend on surface area, we derive ω het = 0.51 s −1 and P ice het = 3.06 ice particles L −1 (air) min −1 . This indicates that all available diatoms would nucleate ice within seconds. Accounting for the surface dependence of the ice nucleation process, we can employ J het = 1.8×10 5 cm −2 s −1 and K = 1.1×10 6 cm −2 which yield corresponding P ice het = 0.022 L −1 (air) min −1 and P ice het = 0.0022 L −1 (air), respectively. As in the previous example, for a fixed or slowly decreasing temperature, the time-dependent nucleation description will always result in higher ice crystal concentrations. Thus, predictions of ice crystal production are sensitive to the choice of either a timedependent or time-independent approach.
Typical ice crystal concentrations observed in cirrus clouds due to heterogeneous ice nucleation can be expected to be greatly affected by depletion of water vapour subsequent to ice crystal formation according to the Bergeron-Wegener-Findeisen process (Bergeron, 1935; Wegener, 1911; Findeisen, 1938) , rapid ice particle production through riming according to the Hallett-Mossop effect (Hallett and Mossop, 1974; Mossop and Hallett, 1974) , and the presence of other IN. Thus, ice crystal concentrations in cirrus clouds impacted by heterogeneous ice nucleation are ill defined and remain largely uncertain (Cantrell and Heymsfield, 2005) . As previously mentioned, cirrus clouds typically have ice crystal concentrations of 10-100 L −1 (air). Our calculations indicate that a time-dependent approach will result in rapid ice crystal production rates so that after approximately 5 to 10 min at a constant or slowly changing temperature, diatoms could significantly impact cirrus cloud formation. On the other hand, this does not apply when employing a time-independent approach for ice particle production resulting in ice crystal numbers lower than typical observations.
From these estimates, it remains unclear whether it is more appropriate to apply either a time-dependent or timeindependent approach for determination of ice crystal production or if a combination of the two would be more appropriate (Pruppacher and Klett, 1997; Marcolli et al., 2007; Vali, 2008) . For a given temperature, the difference between the two theoretical approaches is about 2 orders of magnitude. While this seems small compared to typical uncertainties in ice nucleation rate predictions, the cloud microphysical evolution would proceed in significantly different directions depending on which nucleation mechanism is assumed to be taking place. Of course this discussion serves only as an example and is simplified compared to the actual progression within the cloud formation process. We therefore recommend taking advantage of cloud system resolving models with a high time resolution Phillips et al., 2009 ) to evaluate the sensitivity of timedependent and time-independent ice crystal production utilizing the results presented here for heterogeneous ice nucleation due to marine biogenic particles as represented by diatoms.
Summary
Homogeneous and heterogeneous freezing of ice from micrometer-sized aqueous NaCl droplets with and without diatoms have been analyzed in the temperature range of 180 to 260 K and for water activities of 0.8 to 0.99. The freezing of about 5000 individual droplets has been investigated in this study.
The median homogeneous freezing temperatures agreed, within experimental and theoretical uncertainties, with predictions of the water-activity based homogeneous ice nucleation theory. The experimentally derived homogeneous ice nucleation rate coefficients were in agreement with predictions of the water-activity based theory and can be employed to further constrain that theory. Corresponding ice particle production rates were derived from experimentally obtained homogeneous ice nucleation rate coefficients.
The median heterogeneous freezing temperatures due to intact and fragmented diatoms were well represented by the modified water-activity based theory, where a horizontal shift by a w,het = 0.2303 of the corresponding ice melting curve describes the experimentally derived freezing data. Diatom surface area and aqueous volume were determined for every droplet investigated. Under our experimental conditions, heterogeneous freezing temperatures neither depended on the droplet volume nor on the available diatom surface area. The heterogeneous ice nucleation rate evaluated at median freezing temperatures, represented by the shifted melting curve, P. A. Alpert et al.: Homogeneous and heterogeneous ice nucleation is 0.11 +0.06 −0.05 s −1 . Assuming that ice nucleation depends on surface area we derive heterogeneous ice nucleation rate coefficients and time-independent cumulative nuclei spectra as 1.0 +1.16 −0.61 ×10 4 cm −2 s −1 and 6.2 +3.5 −4.1 ×10 4 cm −2 , respectively. Assuming diatom concentrations of 0.1 L −1 , corresponding ice particle production rates indicate that intact and fragments of diatoms can efficiently form ice crystals under typical tropospheric conditions. Ice particle production assuming a time-dependent nucleation mechanism is always greater at slow updrafts or slowly changing temperatures when compared with a time-independent nucleation process. High resolution cloud system resolving models can be used to evaluate the sensitivity of ice particle production in response to intact and fragmented diatoms by either timedependent or time-independent analyses.
